Landscape indices are popular for the quantification of landscape pattern. However, all landscape indices being used so far are scalar quantities, and measure patterns without considering sufficiently the pattern shape and the directionality together. Based on planar characteristics defined in mechanics such as centroid, moment of inertia, product of inertia and principal axes, vector analysis theory on landscape pattern (VATLP) is explored here. Firstly, we establish a coordinate system of centroidal principal axes (CSCPA). Three related new indices including those describing the direction of pattern distribution (patch orientation (PO), vectorial patch orientation (VPO)), and that indicating the shape of patch's equivalent ellipse (eccentric rate (ER)) are deduced. These landscape metrics are then applied to the pattern analysis of the lakes in Qian-an county (the study area), Jilin province, China. The vector-based data sets of the study area come from the National Land Use/Cover Database (NLUCD). The application of the theory help us better understand the pattern formation of the lakes and the related ecological processes that occur on both ends of the major principal axis, e.g., the transportation of energy and materials flow, and the ecological gradients.
Introduction
Landscape pattern, in general, can be defined as the variability (composition) and arrangement (spatial structure) of phenomena in space (Turner, 1989; Bailey and Gatrell, 1995; Csillag and Kabos, 2002) , and is a primary focus of landscape ecology (Forman and Godron, 1986; Krummel et al., 1987; Ambrose and Riitters et al., 1995; Haines-Young and Chopping, 1996) . They are developed, according to Li and Archer (1997) , variously from statistical measures of dispersion (Pielou, 1997) , information theory (O'Neill et al., 1988) , fractal geometry (Krummel et al., 1987; Milne, 1992; Plotnick et al., 1993) and percolation theory (Gardner and O'Neill, 1991; Gardner et al., 1993; Li et al., 1996) . Most of these indices have been incorporated into landscape analysis packages such as 'r.le' and 'FRAGSTATS' (Baker and Cai, 1992; McCarigal and Marks, 1995; McCarigal et al., 2002) .
LPIs have become increasingly popular for quantifying and characterizing various aspects of observed spatial patterns (e.g., Trani and Giles, 1999; Imbernon and Branthomme, 2001; Li et al., 2001 ). However, indices often need to be interpreted in combination with each other (Riitters et al., 1995; Haines-Young and Chopping, 1996; McCarigal et al., 2002; Tischendorf, 2001) , and many of them have substantial deficiencies when used to infer ecological function (Corry and Nassauer, 2005) . Some LPIs provide ambiguous information about spatial patterns, i.e., one landscape index may have the same numerical value for different spatial patterns (Gustafson and Parker, 1992; Tischendorf, 2001) , and several visually different landscapes may exhibit similar LPI values (Remmel and Csillag, 2003) . For example, most shape indices (including many fractal methods) use a perimeter-area relationship (Forman and Godron, 1986; Milne, 1991; Riitters et al., 1995; Gustafson, 1998) , which may result in the uncertainty of shape identification due to the ignorance of distributive differences in various directions within the patch.
Anisotropy is often found in ecological data because spatial patterns are sometimes produced by directional geophysical phenomena (Legendre and Fortin, 1989; Rossi, 1992; Gustafson, 1998; Wu, 2000) . Anisotropy is a key ecological phenomenon (Fu et al., 2001) , and may appear in natural or man-made landscapes due to the effects of forces such as wind, fire, flood and tectonics. Patch orientation may also be evident in stable environments such as sheltered bays, with a number of reports of seagrass patches having a consistent orientation (Tanner, 2003) . Patches with different orientations may have different ecological functions. For instance, the mean and total number of nesting species, and nest abundances for migratory birds can be significantly associated with patch orientation (Gutzwiller and Anderson, 1992) . For many landscapes and research questions then, LPIs that incorporate directionality measures may be helpful for better understanding effects of processes on landscape patterns. Dorner et al. (2002) offers some indices to capture the directionality of patches formed by physiographic gradients. However, indices which are generally adaptive to the analysis of anisotropy have not appeared yet.
In this paper, we propose vector analysis theory on landscape pattern (VATLP). VATLP is unique in that it can describe the pattern shape and its direction simultaneously. VATLP theory is based on the concepts of centroid and principal axes of a shape in mechanics. The new indices are developed from mechanics theory and then applied to the landscape analysis of the lakes in Qian-an county.
Method
The exploration of VATLP begins with the establishment of a coordinate system for a patch. Three related landscape indices are then developed. The algorithms described here are designed to work with data in vectorbased systems, but most of the concepts could be easily implemented in raster format. Our spatial analyses use standard routines provided with MapObject 2.0 (Environmental System Research Institute, Redlands, CA), augmented with custom modules written in C++ to conform to MapObject interface specifications. The source code and data mentioned are available from the corresponding author on request.
Pattern properties deduced from mechanics
The establishment of VATLP is based on some related definitions in mechanics. A brief review of these definitions, adapted from Timoshenko and Gere (1978) , is given below.
The centroid of a patch is a point whose position is defined as the ratio of the moment of area to the total area. The moment of an area is defined as the integral of the distance from axis about which the moment is being calculated, where the integration is carried out over the area. The moment of inertia is defined as the integral of the square distance from axis about which the moment of inertia is being calculated, where the integration is carried out over the area. Product of inertia is defined Fig. 1 . A patch (S) with centroid C (x,ȳ), A is the area, dxdy is the differential area of point (x, y), xoy is the geographic coordinate system.
as the integral of the product of distances from each axis, where the integration is carried out over the area.
Here, let S ( Fig. 1 ) be a patch consisting of the boundary and its interior, and its area is A. (x, y) is a point within the polygon. The x and y axes are defined in accordance with the convenient mapping co-ordinates (e.g., the earth coordinate system). Then the moment about the x-axis (Q x ), the moment about y-axis (Q y ), the moment of inertia about the x-axis (I xx ), the moment of inertia about the y-axis (I yy ), the product of inertia (I xy ), and the centroid (x,ȳ) of the polygon are given by Eqs. (1)-(6), respectively. In these equations, any two adjacent points within the boundary (a total of n points) are denoted by (x i , y i ) and (x i+1 , y i+1 ). (Note: some equations are deduced by applying Green's theorem which relates the value of a line integral to that of a double integral.) Fig. 2 . XCY is coordinate system of centroidal principal axes (CSCPA), C is the centroid, MN is the major principal axis, PQ is the minor principal axis, CX and C Y are the horizontal and vertical lines passing through the centroid C, respectively.
The angle (θ) between a principal axis and the horizontal axis (Fig. 2) , the larger principal moment of inertia (I 1 ) and the smaller moment of inertia about the principal axes (I 2 ), can be calculated from Eqs. (7) and (8):
Principal axes bear the following three properties: (1) the principal axes are a pair of orthogonal axes having an orientation defined by the angle (θ) (Eq. (7)); (2) the product of inertia is zero for the principal axes; (3) the moment of inertia with respect to one of the principal axes is a maximum (the axis is defined as minor principal axis here) and with respect to the other it is a minimum (this is called major principal axis here). The principal axis defined by angle θ from Eq. (7) can either be the major principal axis or the minor prin-cipal axis; however, the major and minor principal axis can be easily distinguished according to the principal axes' properties mentioned above, and the principal axis defined by angle θ will be fixed. The anti-clockwise angle (α in Fig. 2 ) between the major principal axis and the horizontal line is determined as follows:
If the major principal axis is defined by θ, then PO = θ; otherwise, θ is the angle between the horizontal line and the minor principal axis. In this case, if θ >
Coordinate system of centroidal principal axis (CSCPA)
In order to carry out a vectorized analysis on landscape pattern quantitatively, a coordinate system of centroidal principal axes (CSCPA) is designed by designating the centroid of a patch as the origin of CSCPA, the major principal axis as the x-axis, and the minor principal axis as the y-axis. CSCPA can be gained by panning the related earth coordinate system to the centroid of the patch and then rotating the coordinate system to the principal axes. The axial directions are defined based on the areal differences distributed on both sides of the minor principal axis. Generally speaking, the areas of both parts of the patch separated by minor principal axis are not equal, and the length of the major principal axis in the lesser area side is longer than that in the larger area side (Timoshenko and Gere, 1978) . The patch will be cuneiform (raindrop) shaped, from the larger area side to the less area side along the major principal axis, i.e., x-axis. The positive direction of x-axis is designed to be in the less area side here. Once the positive direction of x-axis is made certain, the other axial directions of CSCPA are determined.
New indices 2.3.1. Indices of patch orientation and vectorized patch orientation (PO/VPO)
Based on the coordinate system of CSCPA, indices of patch orientation (PO) and vectorized patch orientation (VPO) are derived. PO (0 ≤ PO ≤ 180 • ) is the orientation of major principal axis (i.e., x-axis) of the patch, which is defined by the anti-clockwise angle between the horizontal line and the major principal axis (i.e., angle α in Fig. 2 ) calculated from above mentioned method.
The index of vectorized patch orientation (VPO) (0 ≤ VPO ≤ 360 • ), not only calculates the patch orientation with index PO, but also defines the positive direction of patch orientation in accordance with the positive direction of x-axis in order to reflect the cuneiform property of the patch. So VPO (β in Fig. 2) is the anticlockwise angle between the horizontal line and the positive direction of x-axis.
Generally, when the areas on each side of the minor principal axis of a patch are equal the orientation of the patch (PO) is clearly attained, but when this is the case, VPO is not useful because the patch has little anisotropy on the major principal axis. These patches are called "non-positively oriented patches (NPOP)". This implies we need to measure the ratio of the areas-if this is near 1, VPO is useless. We could then put some condition on this, i.e., if 1 −
(0 < ε < 1) (where A 1 and A 2 are the areas on each side of the minor principal axis of a patch and ε is a small fuzzy value that determines a minimum level of anisotropy for the analysis). If this condition holds, the measurement of positive directionality is useful, and then the patches are called "positively oriented patches (POP)".
Index of eccentric rate (ER)
In order to quantify the shape of a patch, an equivalent ellipse (E r ) with semi-major and semi-minor axes (a r , b r ), is proposed such that the area of E r is equal to A (the area of patch S). Another ellipse with semimajor and semi-minor axes (a s , b s ), called the regarding equivalent ellipse (E s ), is also designed such that the moments of inertia about major and minor axes of E s are equivalent to those of the patch. Both ellipses have the same centroid as that of the patch, and the major axes and the minor axes of both ellipses are on the major principal axis and the minor principal axis of the patch, respectively. The positional relationship among the patch S, ellipse E r and ellipse E s is shown in Fig. 3 , where C is the centroid, and MN and PQ are major principal axis and minor principal axis of the patch, respectively. The properties of the ellipses are: Fig. 3 . Positional sketch map among the patch (S), the equivalent ellipse (E r ) and the regarding equivalent ellipse (E s ).
I s
where s r is the area of the equivalent ellipse E r , equal to A; s s is the area of the regarding equivalent ellipse E s , different from the size of the patch; I s x and I s y are the moments of inertia about the major and minor axes of ellipse E s (identical to (I 2 , I 1 ) those of the patch (Eq. (8)) correspondingly); I r x and I r y are the moments of inertia about the major axis and minor axis of ellipse E r , respectively. The semi-major and semi-minor axes of E r (Eqs. (16) and (17)) can be deduced from Eqs. (9)- (15):
and
Substituting I s y , I s x with I 1 and I 2 , respectively, and s r with A in Eqs. (16) and (17), we finally get an expression for ER.
The ratio between the minor axis and the major axis of an equivalent ellipse, which has the same area and centroid as the patch, is used to define the index of eccentric rate (ER). ER (0 < ER ≤ 1) represents the degree of patch's elongation along the major principal axis, and therefore reflects the patch's anisotropy in both major and minor principal axes. Values of ER close to one indicate a patch is isotropic (i.e., nearly circular) while lower values of ER indicate increasing patch anisotropy.
Caveats
The indices are generally useful for the analysis of most irregular patch shapes, but as noted above they are not useful for approximately circular patches. Similarly, they do not provide useful information for U shaped patches. Further, it is apparent from Eq. (6) that the centroid of a patch is inversely proportional to the area of the patch (area being the denominator in the equation). PO and VPO therefore are sensitive to point coordinate data errors on the patch's boundary, especially the smaller patches. This causes the effectiveness of PO and VPO to be a function of the resolution of the landscape image (i.e., they are useful only for large features).
Study area and data source
Qian-an county lies in the northwest of Jilin Province in China (Fig. 4) , located at 44 • 38 10 -45 • 18 57 N, 123 • 25 28 -124 • 22 48 E, with a total area of 3 426.5 km 2 and a population of 2.85 million. The climate is characterized as temperate semiarid continental monsoon. The annual average temperature is 6.4 • C. The frost-free period is about 151 days. Annual precipitation is only 292 mm, with 80% of the year's precipitation occurring from June to September, but the annual evaporation is 1 874 mm, so the evaporation greatly exceeds the precipitation. Wind, especially the strongly prevailing wind in winter from northwest to southeast plays an important role in shaping some local landscapes, as for most of the year, the weather is extremely dry and the soil is sandy and uncovered (Qiu, 1991; Lu et al., 2000) .
There are 90 lakes, known as "Qian-an Group Lakes", in the study area, with a total area up to 14,903.89 ha. The lakes are typically small, and the water in the lakes is salty, seasonal and shallow, commonly about 1-2 m deep. The lakes are mostly in the shape of a raindrop, with gently sloping lake beds in each lake's northwest (the windward side), and a steeply sloping lake beds in the southeast (the down wind side) with dune or loess piling up on this side. Wind is considered to be one of the most important forces driving the pattern formation of the lakes, i.e., the current shape of the lakes is the result of windy erosion upon the tectonic basins (Qiu, 1991; Lu et al., 2000) .
Vector-based data of the Qian-an Group Lakes (1:100,000 scale) is analyzed here. The data comes from the National Land Use/Cover Database (NLUCD), which was interpreted from remotely sensed images on 21 September 2000 (Landsat TM 30 m × 30 m), and stored in Arcinfo coverages. The interpretation was based on "The Standard of Remote Sensing Interpretation of Land Resource Investigation of China" (Liu, 1996) . The overall accuracy of classification is over 85%. For more detailed information about the interpretation, please see Liu (1996) and Liu et al. (2003) . The lake patches analyzed here are the lake polygons extracted from the NLUCD.
Results and discussion
The indices of patch orientation (PO) of the lakes are computed, and a histogram for the results is made (Fig. 5) . From Fig. 5 , it can be seen that 60% of patch orientations lie within 120-150 • , i.e., the major patch orientation is from southeast to northwest or from northwest to southeast. Out of the range (<120 • or >150 • ), the patch number in each class of the histogram is usually less than 6. The statistical data about the number and area of patches and related ratios in each orientation range is listed in Table 1 . The vectorized patch orientation (VPO) indices of the lakes are in Fig. 6(a) , and a histogram for the results is also made (Fig. 6(b) ) (where ε = 0, ε is the fussy value). The most common vectorized patch orientation is also from southeast to northwest, 120-150 • . Out of the range (<120 • or >150 • ), the number of patches in each class of the histogram is also much fewer (usually less than 6). Table 2 gives the statistical data about the number and area of patches and related ratios in each vectorized orientation range. Note that VPO ε=0 identifies that 12 (22%) out of the 54 patches with POs between 120 • and 150 • are oriented in the opposite direction to the other 42. Table 3 lists the results of VPO of patch types with PO between 120 • and 150 • , with ε = 0.10. These patches are classified into two groups: nonpositively oriented patches (NPOP) and positively oriented patches (POP) (from southwest to northeast arranged). From Table 3 , we can see that Qian-an Group Lakes are mainly in southeast to northwest or northwest to southeast orientation and most these lakes (38 POP patches out of 54 with area up to 70.32% of all), are southeast to northwest vectorized orientated. These lakes are in the cuneiform or raindrop shape oriented with the rounded end in the southeast and the tapered end in the northwest.
The 12 patches that were formerly assigned as POP in Table 2 (where ε = 0) are now all grouped into NPOP, i.e., none of them bears a positive direction. Also, four lakes previously classified as having vectorized orientation between 120 • and 150 • are now classified as NPOP. The value of ε chosen therefore affects the distribution of patches between POP and NPOP, and is chosen by trial and error depending on the landscape and the objective of the analysis. For Qian-an Group Lakes, ε = 0.10 is found to be the proper threshold for distinguishing NPOP and POP patches, and all of the NPOP lakes are identified by VPO ε=0.10 .
The prevailing wind direction (from northwest to southeast) in winter of the study area is opposite to the most common vectorized patch orientation. The edges of the tectonic basins of the lakes are made of sand, and the edges of the lakes on the upwind (northwest) side extend into the wind due to the erosion from the prevailing wind, especially on the major principal axis where the erosion is the most severe. In the southeastern side of the lakes where trees are planted by human beings, however, the sand blown by wind from the northeastern side sedimentates (Qiu, 1991) . This erosion and sediment of sand blown by the wind in respective ends of major principal axis of the lakes results in the raindrop shape of the lakes (Fig. 7) . Fig. 8 shows a typical longitudinal profile along the major principal axis of Fig. 7 , which shows that the slope of the bottom of the lake is less steep in the upwind side. Energy and materials within the patches are transported from the northwestern side to the southeastern side by the strong prevailing winds, opposite to the positive direction (VPO ε=0.10 ). Soil nutrients are also blown by the wind from the upwind side of the lake and are moved down to the downwind side. In most of the Qian-an Group Lakes, finer sands are found in the soil on the lake's boundary, in conjunction with wetland Fig. 7 . The surface plan of a lake in southeast to northwest vectorized orientation. AA is the patch's major principal axis. The prevailing wind direction in winter marked by the arrows (from northwest to southeast) is just opposite to patch's positive orientation.
vegetation communities such as Carex sp. and Phragmites sp. These are often located on the downwind side of the lakes. However, in the upwind side, ground surfaces are usually covered by coarse sands and alkali soils, and almost no vegetation grows in the waterside. An ecological gradient, therefore, clearly exists along the major principal axes of the lakes, and the VPO ε=0.10 is an indirect measure of this.
Table 3 also shows that some of the lakes are nonpositively oriented patches (NPOP). These lakes are orientated from southeast to northwest or from northwest to southeast, but not a cuneiform shape. Without sand sedimentation caused by trees planted by humans on the downwind side, sand erosion in these lakes by the prevailing wind occurs both on the upwind side and on the downwind side. The shapes of the lakes elongated on both sides purely by the natural forces are therefore formed. The bottoms of these lakes are flat and the lakes are generally shallow and therefore quicker to dry. The ecological environments of these lakes are poor compared to the cuneiform lakes, and therefore NPOP and POP lakes identified by PO and VPO are ecologically different.
The mean ER of the Qian-an Group Lakes is 0.35, far less than 1. The major axes of the lakes are usu- Fig. 8 . The longitudinal profile along major principal axis (AA ) of the lake. The slope of the lake in the upwind side is less steep. ally 2.85 (the reciprocal of mean ER) times the minor axes. This indicates the lakes are generally elongated rather than circular. ER and PO indicate that the lake patches are highly anisotropic in southeast to northwest or northwest to southeast orientation. In the example of the Qian-an Group Lakes therefore, the indices reveal a concurrence between patch orientation and prevailing wind direction and demonstrate quantitatively the factors driving anisotropy in the landscape.
Conclusions
The exploration of vector analysis theory on landscape pattern (VATLP) commences with important planar properties defined in mechanics including centroid, moment of inertia, product of inertia and centroidal principal axes of a patch. Therefore, vector analysis theory on landscape pattern (VATLP) holds a solid theoretical foundation in mechanics.
The establishment of VATLP makes it possible to realize vectorial characteristics (pattern shape in a certain orientation) of a landscape pattern. Pattern quantification based on this theory can be used to distinguish the anisotropy starting from patch level within a landscape.
The application of VATLP on Qian-an Group Lakes indicates that most lakes look like a raindrop and are arranged in a southeast to northwest orientation. This direction is just opposite to the prevailing wind direction in winter. The pattern formation of the lakes is closely related to the wind and some ecological processes associated with lake shape and orientation. Human land use such as tree planting also plays in important role in the pattern formation (without there factor lakes are usually not cuneiform) and is revealed by VATLP indices. The measurement of VPO and PO can reflect the pattern-formation processes induced by various driving forces, and ER can quantify the anisotropic degree of the pattern. Wind is one of the most important forces driving the pattern formation of the Qian-an Group Lakes (Qiu, 1991; Lu et al., 2000) . The indices developed here reveal a concurrence between patch orientation and prevailing wind direction. They demonstrate quantitatively the factors driving anisotropy in the landscape, and indicate the existence of gradients that determine the ecological functioning of some of the lakes.
Here, VATLP not only successfully explained the formation mechanism of Qian Group Lakes, but also distinguished artificial effects from natural ones. VATLP adds a new dimension to the landscape pattern metrics already available, many of which have been demonstrated to have substantial deficiencies when used to infer ecological function (Corry and Nassauer, 2005) . According to Lausch and Herzog (2002) , existing landscape metrics may be classified into four categories: "patch area metrics", "edge and shape metrics", "diversity metrics" and "configuration metrics". None of these categories of metrics consider the orientation of patches, which is important to adequately describe the ecological function related to the landscape pattern. VATLP includes measures of direction that can assist in describing ecological function and thus represents a significant addition to existing landscape metrics.
